A Kondo resonance has been observed on purely organic molecules in several combinations of charge transfer complexes on a metal surface. It has been regarded as a fingerprint of the transfer of one electron from the donor to the extended π orbital of the acceptor's LUMO. Here, we investigate the stoichiometric checkerboard structure of tetrathiafulvalene (TTF) and tetracyanoethylene (TCNE) on a Au(111) surface using scanning tunneling and atomic force microscopy at 4.8 K. We find a bistable state of the TCNE molecules with distinct structural and electronic properties. The two states represent different conformations of the TCNE within the structure. One of them exhibits a Kondo resonance, whereas the other one does not, despite of both TCNE types being singly charged.
INTRODUCTION
Organic charge transfer complexes are crystalline materials composed of an electron donating and electron accepting molecular species. Typically, less than one electron is transferred from the donor to the acceptor [1] . Deposition of these molecules on metal surfaces results in various self-assembled structures with the amount of charge transfer depending on the exact composition [2] [3] [4] . Interestingly, several 1:1 stoichiometric structures feature a charge transfer of one electron into the acceptor's LUMO [5] [6] [7] [8] . This unpaired electron spin yields intriguing magnetic phenomena, such as the emergence of a Kondo resonance [5] [6] [7] .
The Kondo resonance can be regarded as a useful tool to verify a singly charged molecular state. On the contrary, in absence of a Kondo resonance, the charge state cannot be identified. One should note that the absence also does not negate the single occupation of a molecular state, because other influences, such as the exchange coupling strength to the substrate may obscure the detection of a Kondo resonance at finite temperature. Indeed, it has been shown that slight modifications of the chemical structure or intramolecular conformations of individual molecules with an incorporated d-metal ion can lead to significant changes in the Kondo temperature [9, 10] .
Here, we employ a combination of Kondo spectroscopy and measurements of the local contact potential difference (LCPD) to identify the charge state of TCNE molecules within the charge transfer complex of TTF-TCNE on a Au(111) surface. We find that the TCNE molecules adopt a metastable configuration in these monolayer islands. One of the species exhibits a Kondo resonance. LCPD values reveal that both molecules carry a similar charge. AFM images recorded with a functionalized tip in the repulsive regime allow for the resolution of a rather straight and a bent TCNE configuration, respectively. We conclude that the conformation determines the exchange coupling strength with the conduction electrons of the substrate giving rise to significantly different strengths of the Kondo screening.
EXPERIMENTAL DETAILS
A Au(111) single crystal was cleaned by standard cycles of Ne + sputtering and annealing under ultra-high vacuum. Tetrathiafulvalene (TTF) and Tetracyanoethylene (TCNE) were placed in pumped sealed glass tubes connected to the preparation chamber. The molecules were sublimated by heating the glass tubes to 315−320 K and dosed through leak valves onto the Au(111) sample held at < 220 K. The sample was then annealed to 300 K to obtain highly ordered monolayer islands. This temperature is above the evaporation temperature of TCNE from the Au(111) surface but below the evaporation temperature of TCNE from the mixed TTF-TCNE islands. The as-prepared sample was pre-cooled and transferred into an STM equipped with a qPlus tuning fork sensor. All data was recoded at a temperature of 4.8 K. Differential conductance spectra (dI/dV ) were acquired with a standard lock-in technique in open feedback loop conditions.
RESULTS AND DISCUSSION
Self-assembly of TTF-TCNE on Au(111) STM images of the as-prepared sample reveal highlyordered islands of the TTF and TCNE molecules with the most abundant structure being a checkerboard pattern (Fig. 1a) . At low bias voltages, the TTF molecules can be recognized by their doughnut-like appearance, which resembles their HOMO (Fig. 1b,c) . In between we find tiles of "bright" and "dark" contrast. . Constant-current STM image of a) a self-assembled TTF-TCNE island on a Au(111) surface. The most abundant structure is a 1:1 checkerboard arrangement. b) Close-up view of 1:1 checkerboard structure with superimposed structural models of individual molecules (scanning parameters V = 12 mV, I = 0.2 nA). The seemingly missing TCNE molecule is in the low conducting state. c) Calculated shape of the HOMO of the donor TTF and LUMO of the acceptor TCNE using Gaussian 09 package, employing the 6-31G+dp basis set.
2.0nm reveal an elongated protrusion with a slightly lower contrast in the center. This appearance agrees with the LUMO shape of the free TCNE molecule (Fig. 1c) , which exhibits electron density around the C=C double bond with a nodal plane perpendicular to this axis. The cyano moieties are expected to also carry large electron density. Inspection of the STM images suggests that these lie close to the TTF molecules. At first sight, one may be tempted to assign the "dark" tiles to an empty space between the molecules. However, scanning at larger bias voltages shows a flickering noise at these positions (see Fig. 2a ). Recording a current-time (I − t) trace on these positions (see Fig. 2b ) reflects the presence of two distinct conductance states. These conductance levels represent the "bright" and "dark" TCNE molecules in Fig. 1b) . The molecules may end up stochastically in the "bright" or "dark" state when the bias voltage and tunneling current are reduced.
We conclude that the overall structure of the island is a 1:1 phase of TTF and TCNE with the molecules lying almost parallel to the surface. A small tilt of the TTF molecules can indeed be inferred from the slightly asymmetric doughnut shape of TTF. Similar tilt angles have been observed for individual TTF molecules on Au(111) as a result of covalent bonds of the S atoms with the underlying substrate [11] . The configuration of the TCNE molecules cannot be easily inferred from the STM images, neither in the high-conductance nor in the lowconductance state. It is also not a priori clear whether the two distinct states are different conformational states, where the topography dominates the appearance in the STM images, or different charge states, whose electronic properties determine the appearance in the STM images.
Kondo effect on bistable TCNE conformations
To unravel the nature of the two states, we record dI/dV spectra on the TCNE molecules. The "bright" TCNE molecules exhibit a narrow peak at the Fermi level on the cyano moieties (Fig. 3a) . This peak is reduced in intensity on the center of the molecule. Instead, peaks on top of steps are located symmetrically around the Fermi level at ±30 mV. These spectra are reminiscent of dI/dV spectra on tetracyanoquinodimethane (TCNQ) molecules mixed with TTF or tetramethyl-TTF on Au(111) [5, 6] . The narrow zero-bias anomaly has been identified as a Kondo resonance, whose width is determined by the strength of the exchange scattering of the conduction electrons on the unpaired electron spin in the π orbital. The large amplitude of the Kondo resonance at the cyano moiety reflects a large electron density at these terminations due to their electrophilic character [7] . While the Kondo resonance is almost symmetric at the cyano terminations, the slight asymmetry in the TCNE center may be ascribed to interference between the tunneling paths into the Kondo resonance and the substrate [12] . The presence of the Kondo resonance thus signifies an electron being located in the LUMO due to the charge transfer from the environment. The steps at ±30 mV arise from inelastic vibrational excitations [13, 14] . The threshold energy matches the outof-plane rocking mode or wagging mode of the TCNE molecule [15] . Density functional theory calculations for TCNE molecules on Ag(100) showed that these steps correspond to the rocking mode [16] . The largest step height is naturally found at the center, where the rocking mode most strongly affects the conductance. The convolution with a peak has previously been ascribed to the interplay of the Kondo effect with molecular vibrations [5, 17, 18] . The dI/dV spectra on the "dark" TCNE molecules are essentially flat (Fig. 3c) . In particular, there is no indication of a Kondo resonance. It is worthy to note that TCNE molecules alone on a Au(111) surface do not exhibit a Kondo resonance [19] . Hence, one may be tempted to use the presence/absence of a Kondo resonance to determine the charge state of a molecule. This would indicate that the "dark" molecule is not singly charged in contrast to the "bright" state. To verify or falsify this assumption, we need to employ another method for the charge-state determination of individual molecules.
Charge state of TCNE molecules
Recently, non-contact atomic force microscopy (nc-AFM) has been successfully used to determine charge states of single atoms and molecules on surfaces [20, 21] . The principle is based on the measurement of the local contact potential difference (LCPD), which is caused by the electric field of localized charges at tip and sample.
We employ a Xenon-functionalized tip, which provides a chemically inert tip apex and allows to approach the molecule down to the repulsive regime without affecting the molecular integrity [22] . As the local environment may influence the LCPD signal, we compare several TTF and TCNE molecules. The most efficient strategy to minimize the effect of changes in the local environment is to measure the LCPD on the very same TCNE molecule, both in its "bright" and "dark" state. Figure 4b shows the I − V signal taken in a backward and forward sweep in a voltage range of ±200 mV. The two different slopes reflect the two different states of higher and lower conductance of the "bright" and "dark" TCNE molecule, respectively. The switching between the two states is seen as a sudden drop/increase in the current. The simultaneously recorded df signal is displayed in the same figure. Both states exhibit a distinct df − V signal that can be fit by a parabolic shape. The LCPD value can be extracted from the vertex of the parabolas (even though the maximum may lie outside of the measurable voltage range). The values shown here are all determined from df − V curves, which are recorded in the attractive part of the interaction potential. Hence, we can exclude that repulsive forces may induce deformations in the tip or in the underlying molecule. [23] Figure 4c shows a compilation of the LCPD values of TTF and TCNE molecules (shown in Figure 4a ) in their "bright" and "dark" state. At large tip-sample distance, we cannot resolve any difference of LCPD values anywhere. With decreasing distance, the LCPD measured on the TTF molecules separates from the values on the TCNE molecules. A lower LCPD value signifies a more positive charge. The lower LCPD on TTF than on TCNE is thus in agreement with the expectations for charge transfer between the TTF, the TCNE and the Au(111) surface. The indistinguishability at large tip-sample distance can be ascribed to a loss of spatial resolution due to an increase of the area affecting the measured LCPD value. At very close distance, the extension of the molecular wave functions into vacuum has to be taken into account [24] . Importantly, our plot suggests a clear distinction between the charge states of TTF and TCNE in a range of tip-sample distance. Interestingly, we do not find a sizable difference between the "bright" and "dark" state of the TCNE molecules. The LCPD values of the TCNE molecules scatter significantly around (140 ± 20) meV. However, we note that the "bright" and "dark" state cannot be separated, but are equally scattered around the average value. If we compare the values of "bright" and "dark" state measured in a single bistable forward-backward df − V scan (as in Fig.4b) , the difference between the two configurations amounts to only (10 ± 15) meV. Comparing this difference to the LCPD value of TTF being (80 ± 20) meV lower allows to estimate an upper bound on the difference in the charge states of the two TCNE molecules. The TTF molecule is probably positively charged with -at maximum -a single positive charge. The presence of a Kondo resonance on the "bright" TCNE molecules signified a single negative charge state. Consequently, we can assume that a charge difference of 2e corresponds to a difference in the LCPD value of ∼ 80 meV. With the difference between the TCNE states being (10 ± 15) meV, we arrive at a difference in the charge state of (0.25 ± 0.38)e for "bright" and "dark" TCNE state. We can therefore assume that both TCNE states exhibit roughly the same charge, i.e., are both carrying one electron in their LUMO. This seems to be a surprising result in view of the absence of a Kondo resonance on the "dark" TCNE molecule. Figure 4 . a) STM topography of a TTF-TCNE island with some Xe atoms at the island's edge. The Xe atoms have been used for tip functionalization. b) Exemplary df − V and dI/dV curves at low bias voltage of a TCNE molecule in its two conformational states. The df − V curves were fitted by a parabola with its vertex determining the LCPD value. c) Extracted LCPD values for two TTF molecules (blue pentagons in a) and four TCNE molecules (green crosses in a) as a function of tip-molecule distance. Z offset determines the topographic height above an STM setpoint of V = 80 mV, I = 60 pA on a "bright" molecule. The inset shows a df − Z curve illustrating that all LCPD data was taken in the attractive regime.
Molecular conformations of the "bright" and "dark" TCNE molecules
In the next step, we aim at resolving the difference between the "bright" and "dark" molecular states, which leads to the presence or absence of a Kondo resonance despite of similar charging. The observation of a Kondo resonance does not only require the presence of an unpaired electron spin but also sufficient exchange coupling with the substrate electrons [12] . The strength of the exchange coupling is given by the hybridization of the spin-carrying molecular orbital and the electronic states of the substrate. Hence, changes in the adsorption height and/or conformational changes may play a decisive role. To gain further insights into the adsorption geometry, we use frequency-shift imaging and spectroscopy of our nc-AFM, again with a Xenon-functionalized tip apex. Figure 5b shows a constant-height frequency-shift image of a TTF-TCNE island, which was recorded at the same area as the STM image in Fig. 5a . The TTF molecules appear with two tilted ring shapes (see details below). They are topographically lower than the TCNE molecules. The "bright" TCNE molecules appear as an elevated X shape, while the "dark" TCNE molecules appear as a depression with four protrusions at the place of the cyano terminations. These differences hint at large structural differences of the two TCNE species. More quantitative insights can be gained form df − z curves taken at different sites on the molecules in Fig. 5c . All curves show the qualitative behavior of a Lennard-Jones potential with a long-ranged attractive part stemming from electrostatic forces and a short-ranged repulsive part originating from Pauli repulsion of the Xenon atom at the tip and the molecules [25] . The repulsive part of the curve on the X-shaped TCNE is shifted away from the surface by about 0.75Å as compared to the repulsive part on the center of the four-lobe TCNE species. Hence, we can conclude that the C=C double bond is found at significantly different distances from the Au(111) surface. A tentative sketch of the two molecular conformations is shown in the inset of Fig. 5c .
Hapala and co-workers have developed a code which can be used to simulate df images of molecules on a surface in the repulsive regime [26] . Their model uses a force field between a flexible tip apex (here: Xenon) and the molecules [27, 28] . We use their code and simulate the checkerboard structure consisting of a trial structure of flat and bent TCNE configurations of Fig 5c together with flat and bent TTF molecules. This composite structure of a 4×4 checkerboard is shown in Fig. 5d ,e together with the simulated image in Fig. 5f . The upper two rows represent the flat molecules, the two lower rows consist of differently bent molecular configurations. We first concentrate on the appearance of the TCNE molecules. The flat configuration shows up as a flat X in the AFM images. This is almost in agreement with some of the TCNE molecules in the experimental structure. A better agreement can be obtained by small tilt and bending angles, but we note that the details of this type of TCNE molecules may vary from molecule to molecule. Importantly, we note that the four-lobe structure of the TCNE cannot be produced by slight TCNE deformations. Only rather strong bending angles as suggested already by the df − z curves in Fig.5c can explain the characteristic appearance. The C=C double bond of the "dark" TCNE molecules resides much closer to the surface than the cyano moieties, which are bent upwards from the surface. Such bending can be facilitated by a slight change of hybridization from sp 2 towards sp 3 due to a backbonding with Au d-orbitals. Charge backdonation from transition metals to the strong π-acceptor TCNE is known for V(TCNE) 2 films [29] and TCNE on a Cu surface [30] . Bending of the endgroups away from the metal is known for the structurally similar ethylene in Zeise's salt [31] .
We also note in passing that the image of the flat TTF molecule nicely reflects its intramolecular structure.
Comparison of simulated and experimental images suggests that TTF also adopts a bent configuration. It is best described by up-tilted dithiol-ylidene rings, but with variations in the degree of bending and tilting along its long or short molecular axis. The details of these adsorption configurations probably influence the stability and favored state of the neighboring TCNE molecules.
Correlation of structural and electronic properties
Having resolved two distinct TCNE states in STM and AFM measurements, finally enables us to draw a complete picture on the adsorption properties. Summarizing our complementary results, we have seen that the "bright" TCNE molecules are flat or only slightly bent with the CN terminations facing the surface. They show a Kondo resonance as an expression of their singly-occupied LUMO. In contrast, the "dark" TCNE molecules exhibit a bent configuration with the C=C bond being closest to the surface. These molecules do not exhibit a Kondo resonance, despite of a similar charge state as the "bright" species. Hence, our results suggest a correlation of the presence of a Kondo resonance with molecular conformation.
To understand why the strongly bent "dark" TCNE molecule does not exhibit a Kondo resonance in contrast to the flat "bright" one, we discuss the requirements for the appearance of a Kondo resonance within the Anderson impurity model. First, we need a singly occupied orbital at energy S below the Fermi level E F . Second, the Coulomb repulsion U needs to be sufficiently large such that the doubly charged orbital at D lies above E F . Third, the broadening ∆ of these energy levels needs to be much smaller than the Coulomb repulsion (∆ << U ) in order to assure that fluctuations between the levels are negligible. The width of the Kondo resonance Γ and the Kondo temperature T K are then given by [12] :
(1) We assume that the Coulomb repulsion U is similar in both types of molecules due to the same chemical nature. The parameters which may vary in the two configurations are the energy level alignments of S and the hybridization ∆. We first note that ∆ may be larger in the "dark" bent configuration, where the C=C double bond is rather close to the surface. However, the LUMO features a nodal plane at this position, whereas the electronrich cyano groups point upwards. Hence, any directional bonding and hybridization with the conduction electrons of the surface is expected to be small. Furthermore, we consider that the "dark" bent configuration is stabilized by a redistribution of charges among the molecular orbitals [30] . The unpaired electron spin density may thus be located in orbitals S that are further away from E F . According to equation 1, a spin-polarized orbital that is too far below E F leads to a very small Kondo temperature, which is below our measurement temperature of 4.8 K. In contrast, the "bright" molecular species is rather flat. The unpaired electron can therefore reside in the LUMO, which lies closely below E F . The corresponding Kondo temperature is thus above the experimental temperature. Consequently, a Kondo resonance emerges at the Fermi level in the dI/dV spectra.
CONCLUSIONS AND OUTLOOK
Using a combination of STM-and AFM-based techniques, we could show that the electron acceptor TCNE forms a checkerboard monolayer with the electron donor TTF on a Au(111) surface. All TCNE molecules lie in a singly-charged state by accepting one electron in their LUMO. Two configurations are of similar stability but separated by a potential barrier. This energy landscape allows to observe two distinct conformational states. One is almost flat with only slightly down-bent cyano groups, whereas the other one is more strongly bent with the cyano groups facing upwards. In spite of the same charge state, the molecules with the upward bent CN moieties do not exhibit a Kondo resonance at an experimental temperature of 4.8 K. We ascribe its absence to a weak interaction of spin-carrying orbitals with the substrate's conduction electrons. Our results reflect the limits of using the presence or absence of a Kondo resonance as a tool for charge-state determination. Instead, an intriguing interplay of molecular conformation and Kondo screening could be resolved. The bistability of the TCNE molecules in the TTF-TCNE assembly demands for further investigations of the switching properties. Being able to control the conformational state may provide routes for reading and writing the absence/presence of a Kondo state at the molecular scale.
